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ABSTRACT 
 
 
 
 
Circular polarization technology can improve mobile connectivity and mitigate 
signal losses caused by absorption, reflection and refraction by utilizing all planes in 
transmitting waves. In this thesis, Circularly Polarized (CP) transparent antenna 
designs are investigated for broadband applications. Two designs are introduced 
namely Single Input Single Output (SISO) and Multiple Input Multiple Output 
(MIMO) transparent antennas. A silver coated polyester film which is a Transparent 
Conductive Oxide (TCO) in the shape of film is incorporated in both designs. The film 
is cut according to design and attached to a glass substrate. SISO antenna is fed by 
Coplanar Waveguide (CPW) with a circular ring patch radiating element. The 
existence of tapered split gap and the inequality in CPW ground arm’s length has 
contributed to a 3 dB axial ratio bandwidth from 5.4 to 6.2 GHz. Results show that the 
proposed antenna has a gain of 0.92 dB and an efficiency of 14% at 5.8 GHz. It is 
shown that the electron mobility, a parameter that is determined by the material 
development is a primary limiting factor seen from the 14% efficiency of transparent 
antenna. The proposed antenna obtained a reflection coefficient response from 2.55 to 
6 GHz which covers the desired frequency band. MIMO is designed by combining two 
aforesaid SISO CP antenna designs, mirrored 180° at y-axis and separated by 1 mm. 
Measurement results show |S11| and |S22| bandwidth from 2.65 to 6.23 GHz with good 
isolation of 27 dB at the 5.8 GHz band. Envelope Correlation Coefficient (ECC), Mean 
Effective Gain (MEG) and Diversity Gain (DG) with measurement values of 0.0007, 
0 dB and 10 dB accordingly were discussed in the thesis. These values were calculated 
using scattering parameters data obtained from the measurement. Both designs are 
meeting the objectives of this project. 
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ABSTRAK 
 
 
 
 
Teknologi polarisasi bulatan boleh meningkatkan perhubungan mobiliti dan 
mengurangkan kehilangan isyarat yang berpunca daripada penyerapan, pantulan dan 
pembiasan dengan menggunakan semua satah dalam penghantaran gelombang. Dalam 
tesis ini, reka bentuk antena lut sinar Berpolar Bulatan (CP) telah disiasat untuk 
aplikasi jalur lebar. Dua reka bentuk diperkenalkan iaitu antena lut sinar CP 
Kemasukan Tunggal Keluaran Tunggal (SISO) dan Kemasukan Pelbagai Keluaran 
Pelbagai (MIMO). Filem poliester bersalut perak yang merupakan oksida konduktif 
lut sinar dalam bentuk filem digunakan pada kedua-dua reka bentuk. Filem ini 
dipotong mengikut reka bentuk dan ditampalkan pada substrat kaca. Antena SISO 
disuap dengan Pemandu Gelombang Sesatah (CPW) dengan elemen pemancar 
berbentuk cincin. Kewujudan jurang pada elemen pemancar dan ketidaksamaan 
panjang lengan CPW yang telah menyumbang kepada nisbah paksi lebar jalur 3 dB 
dari 5.4 hingga 6.2 GHz. Keputusan menunjukkan antena yang dicadangkan 
mempunyai gandaan sebanyak 0.92 dB dan kecekapan sebanyak 14% pada 5.8 GHz. 
Ini menunjukkan bahawa pergerakan elektron, iaitu parameter yang ditentukan oleh 
pembuatan bahan adalah faktor pengehad utama yang dapat dilihat dari kecekapan 
14% antena lut sinar. Antena ini juga mempunyai lebar jalur dari 2.55 hingga 6 GHz 
yang meliputi jalur frekuensi yang dikehendaki. Antena lut sinar MIMO direka dengan 
menggabungkan reka bentuk dua antena lut sinar SISO CP yang dipantul 180° pada 
paksi-y dan dipisahkan sebanyak 1 mm. Keputusan pengukuran menunjukkan lebar 
jalur |S11| dan |S22| dari 2.65 hingga 6.23 GHz dengan pengasingan yang baik sebanyak 
27 dB pada jalur 5.8 GHz. Pekali Korelasi Sampul (ECC), Min Gandaan Berkesan 
(MEG) dan Kepelbagaian Gandaan (DG) dengan nilai pengukuran 0.0007, 0 dB dan 
10 dB sewajarnya telah dibincangkan dalam tesis ini. Nilai-nilai ini dikira 
menggunakan parameter penyebaran data yang diperoleh daripada pengukuran. 
Kedua-dua reka bentuk dikenal pasti telah  memenuhi objektif projek ini.
vii 
 
TABLE OF CONTENTS 
 
 
 
 
CHAPTER TITLE PAGE 
    
 DECLARATION ii 
 DEDICATION iii 
 ACKNOWLEDGEMENT iv 
 ABSTRACT v 
 ABSTRAK vi 
 TABLE OF CONTENTS vii 
 LIST OF TABLES x 
 LIST OF FIGURES xi 
 LIST OF ABBREVIATIONS xvi 
 LIST OF SYMBOLS xviii 
 LIST OF APPENDICES xx 
    
1 INTRODUCTION 1 
 1.1 Introduction 1 
 1.2 Problem Statement and Motivations 2 
 1.3 Thesis Objectives 4 
 1.4 Scope of Research 6 
 1.5 List of Contributions 6 
 1.6 Layout of the Thesis 7 
    
2 LITERATURE REVIEW 8 
 2.1 Introduction 8 
viii 
 
 2.2 Transparent Conductive Film 9 
 2.3 Transparent Antenna Design 16 
 2.4 Circularly Polarized Antenna 19 
 2.5 MIMO Antenna 25 
 2.6 Summary 30 
    
3 METHODOLOGY 33 
 3.1 Introduction 33 
 3.2 Flow Chart 33 
 3.3 Design Specifications 36 
 3.4 CST Microwave Studio Simulation Tools  38 
 3.5 SISO CP Transparent Antenna Geometry 38 
 3.6 MIMO Transparent Antenna Geometry 41 
 3.7 Antenna Fabrication Process 43 
 3.8 Soldering Method to Improve Performance of 
Transparent Polymer Antenna 
45 
 3.9 Antenna Testing and Measurement Process 47 
 3.10 Summary 53 
    
4 RESULTS AND DISCUSSIONS 54 
 4.1 Introduction 54 
 4.2 SISO CP Transparent Antenna Analysis 55 
 4.3 Results of the SISO CP Transparent Antenna 59 
 4.4 MIMO Transparent Antenna Analysis 61 
 4.5 Results of the MIMO Transparent Antenna 67 
 4.6 Comparison with Other Research Works 73 
 4.7 Summary 74 
    
5 CONCLUSIONS AND FUTURE 
RECOMMENDATIONS 
75 
 5.1 Conclusions 75 
 5.2 Future Recommendations 77 
    
ix 
 
REFERENCES 78 
Appendices A-D 84-92 
 
 
 
x 
 
LIST OF TABLES 
 
 
 
 
TABLE NO. TITLE PAGE 
   
2.1 Comparison between some of the mostly used 
transparent conductive films 
10 
2.2 Literature review summary 30 
3.1 Design specification of the proposed SISO CP 
transparent antenna 
37 
3.2 Design specification of the proposed MIMO 
transparent antenna 
37 
3.3 Dimensions of the proposed antenna 39 
4.1 Comparison between efficiency of proposed 
antenna and other researcher’s 
60 
4.2 |S11|, |S21|, ECC and DG at 5.8 GHz when d is 
varied 
63 
4.3 |S21|, ECC and DG at 5.8 GHz for each orthogonal 
design 
65 
4.4 |S21|, ECC and DG at 5.8 GHz for both side by side 
design 
67 
4.5 Comparison between the findings of this project 
with other researcher’s 
73 
4.3 Comparison between the findings of this project 
with C. C. Serra’s 
74 
 
xi 
 
LIST OF FIGURES 
 
 
 
 
FIGURE NO. TITLE PAGE 
   
1.1 The reflective features of iPhone 6 3 
1.2 Sime Darby Plantation Tower located at Ara 
Damansara, Malaysia 
3 
1.3 Automobiles glass windows 4 
2.1 The cross-sectional view of AgHT-4 film, 
excluding PET substrate 
9 
2.2 The perspective view of transparent antenna using 
AgHT-8 
11 
2.3 Transparent Hemispherical DRA which are used 
on a grounded substrate and solar cell panel 
14 
2.4 Half wavelength dipole antenna using transparent 
conductive polymer 
14 
2.5 Meander line transparent conductive polymer 
antenna 
15 
2.6 UWB Monopole Transparent Antenna using 
AgHT-4 
16 
2.7 Transparent monopole rectangular antenna with 
arc-shaped ground slot 
17 
2.8 RFID antenna using ITO  
(a) Patch #1 and 90˚ rotated patch #2  
(b) Feeding circuit placed behind patches and 
mirror 
18 
xii 
 
2.9 Tri-band microstrip-fed monopole antenna with 
dual-polarisation characteristics for WLAN and 
WiMAX applications 
20 
2.10 Simulated and measured AR of both WLAN 
bands 
20 
2.11 Y shape antenna geometrical presentation 21 
2.12 Measured and simulated AR of Y-shaped antenna 21 
2.13 Dual band CP antenna  
(a) Configurations of the stacked ring shape  
(b) AR graph 
22 
2.14 CPW fed CP antenna design.  
(a) Design parameters  
(b) AR graph  
(c) RHCP and LHCP graphs 
23 
2.15 CPW fed CP monopole antenna design  
(a) Fabricated antenna  
(b) AR graph  
(c) RHCP and LHCP graph 
24 
2.16 The differences in throughput figures between 
MIMO linear polarized antenna and MIMO 
circular polarized antenna 
26 
2.17 DRA MIMO antenna for LTE applications  
(a) Fabricated antenna  
(b) ECC  
(c) DG  
(d) Measured MEG 
27 
2.14 Diversity antenna suitable for LTE and WiFi 
applications 
(a) Prototype of the proposed antenna (size 
compared with the Samsung I9000 Galaxy S 
mobile phone)  
(b) ECC of the proposed antenna 
28 
xiii 
 
2.19 The dimension and prototype of MIMO antenna 
system for LTE 
28 
2.20 MIMO transparent conductive polymer antenna 
using PET as a substrate 
29 
3.1 Research flowchart throughout the whole research 34 
3.2 Research flowchart of the MIMO transparent 
antenna design 
35 
3.3 SISO CP transparent antenna design.  
(a) Radiating element excuding the glass 
substrate.  
(b) The layers of AgHT-4. 
39 
3.4 Geometry of the proposed MIMO transparent 
antenna 
42 
3.5 Silhouette Cameo Digital Craft Cutter Machine 
Printer along with its blades and mats 
43 
3.6 Fabricated transparent antenna for 44 
  (a) SISO CP  
  (b) MIMO  
3.7 Improved soldering technique using conductive 
glue 
46 
3.8 Cold soldering technique that was applied on the 
proposed antenna 
46 
3.9 VNA measurement setup 48 
3.10 VNA calibration steps 49 
3.11 VNA calibration kits  
(a) ‘Open’ calibrator  
(b) ‘Short’ calibrator  
(c) ‘Match’ calibrator  
(d) ‘Through’ calibrator 
50 
3.12 Radiation pattern measurement setup 51 
3.13 The orientation of horn-type receiver antenna 51 
3.14 The view inside anechoic chamber 52 
   
xiv 
 
3.15 RFxpert Desktop Scanner setup 53 
4.1 Different configurations of the proposed antenna 56 
  (a) circular patch design with extended CPW  
  (b) introduction of a slot in the circular patch to 
create a circular slot antenna 
 
  (c) modification to the CPW grounds  
  (d) insertion of a tapered split of angle, α on the 
ring of the circular slot antenna 
 
4.2 Simulated  
(a) |S11| and  
(b) Axial Ratio (AR) as the antenna physical 
configuration is changed. 
56 
4.3 Simulated 57 
  (c) |S11|  
  (d) axial ratio as gap angle width, α is varied  
4.4 Surface current distributions of the circular slot 
antenna with tapered split gap 
57 
4.5 Simulated 58 
  (a) |S11|  
  (b) axial ratio as patch outer radius, r1 is altered.  
4.6 Simulated 59 
  (a) |S11|  
  (b) axial ratio as C length is adjusted  
4.7 Comparison of the simulated and measured  60 
 (a) reflection coefficient  
 (b) AR of the proposed antenna;  
 (c) Measured LHCP and RHCP.  
4.8 The effect of d to the  
(a) scattering parameters  
(b) ECC  
(c) DG 
62 
   
xv 
 
4.9 The two elements are placed orthogonally but in a 
different placement method. 
64 
4.10 Orthogonal placement effect to  
(a) |S21|  
(b) ECC  
(c) DG 
64 
4.11 The final figurations where  66 
 (a) Longer CPW arms are placed next to each 
other 
 
 (b) Shorter CPW arms are placed next to each 
other 
 
4.12 Side by side design effect to  
(a) |S21|  
(b) ECC 
(c) DG 
66 
4.13 Measured and simulated S-Parameters. 68 
4.14 Simulated radiation pattern from the perspective 
view at 5.8 GHz when 
68 
 (a) Port 2 is activated  
 (b) Port 1 is activated  
4.15 Simulated radiation pattern from the front view at 
5.8 GHz when 
69 
 (a) Port 1 is activated  
 (b) Port 2 is activated  
4.16 Simulated and measured radiation pattern taken 
from Port 2 at  
69 
 (a) Theta, θ of 90°  
 (b) Phi, ϕ of 67.5°  
4.17 Simulated and Measured ECC 70 
4.18 MEG for MIMO transparent antenna. 71 
 (a) Simulated   
 (b) Measured  
4.19 Simulated and measured Diversity Gain (DG) 72 
 
xvi 
 
LIST OF ABBREVIATIONS 
 
 
 
 
AR - Axial Ratio 
CC - Correlation Coefficient 
CP - Circularly Polarized 
CPW - Coplanar Waveguide 
CST MWS 2014 - CST Microwave Studio 2014 
DG - Diversity Gain 
DRA - Dielectric Resonator Antenna 
ECC - Envelope Correlation Coefficient 
EMT - Electromagnetic Transient 
FTO - Fluorine-Doped Tin Oxide 
IEEE - Institute of Electrical and Electronics Engineers 
ITO - Indium Tin Oxide 
LHCP - Left Hand Circular Polarization 
LP - Linearly Polarized 
LTE - Long Term Evolution 
MEG - Mean Effective Gain 
MIMO - Multiple Input Multiple Output 
NASA - National Aeronautics And Space Agency 
PET - Polyethylene Terephthalate 
RFID - Radio-Frequency Identification 
RHCP - Right Hand Circular Polarization 
SISO - Single Input Single Output 
SMA - Subminiature version A 
TCO - Transparent Conductive Oxide 
xvii 
 
UWB - Ultra Wide Band 
VLT - Visible Light Transmission 
VNA - Vector Network Analyzer  
Wi-Fi - Wireless Fidelity 
WiMAX - Worldwide Interoperability For Microwave Access 
WLAN - Wireless Local Area Network 
 
 
xviii 
 
LIST OF SYMBOLS 
 
 
 
 
Ω - Ohm 
Z∞ - Impedance at infinite relative permittivity 
ε∞ - Infinite relative permittivity 
T - Optical transparency 
t - Film thickness 
δ - Skin depth 
m - Mass of an electron 
τ - Electron relaxation/scattering time  
q - Electron charge 
Ne - Electron density 
ω1 - Frequency of visible light 
Rs - Surface resistance 
μe - Electron mobility 
ω - Microwave frequency 
σ - Conductivity 
εr - Relative permittivity 
λ - Wavelength 
ρe - Envelope correlation coefficient 
𝑎 - Actual radius 
h - height 
εr - Relative permittivity 
fr - Resonance frequency 
ae - Effective radius 
π - pi 
xix 
 
εreq - Equivalent permittivity 
tn - Thickness at nth layer 
εrn - Relative permittivity at nth layer 
teq - Equivalent thickness 
η - Efficiency 
k - Power ratio 
   
 
 
 
 
 xx 
 
LIST OF APPENDICES 
 
 
 
 
APPENDIX TITLE PAGE 
   
A List of Author’s Publication 84 
B Procedure of setting up new project in CST MWS 
2014 
85 
C Waveguide Port Setup in CST MWS 2014 87 
D AgHT-4 Data Sheet 90 
 
 
 
 
 
 
 1 
 
CHAPTER 1 
 
 
 
 
INTRODUCTION 
 
 
 
 
1.1 Introduction 
 
 
There has been a sizeable amount of research conducted in the last two decades 
on optically transparent antenna design, enabling it as a result to be deployed on see 
through surfaces. Such antennas could thus be discreetly installed anywhere without 
much design issues. One of the several options is to use transparent conductive films, 
such as Indium Tin Oxide (ITO), Fluorine-doped Tin Oxide (FTO) and silver coated 
polyester films which also known as AgHT. These films act as conducting elements 
by allowing electric currents to flow through while maintaining optical transparency 
[1]. A simple low cost and conformal patch antenna could be designed using these 
films. With a thin profile and see-through features, this type of antenna can be 
incorporated on flat surfaces such as glass and mirrors of buildings and automotives 
where aesthetical value is ever so important [2]. 
 
 
There is a trade-off that must be considered on these conductive films where 
transparency has to be sacrificed for better conductivity. Lower than 70% transparency 
has been recorded for AgHT to have an effective conductivity that is enough to ensure
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good antenna efficiency [3]. Various antenna designs have been reported for Ultra 
Wide Band (UWB) [4, 5], Wireless Fidelity (Wi-Fi) applications [6] and frequency 
dependent applications [7]. However, most of them are Linearly Polarized (LP). 
Compared to LP antenna, Circularly Polarized (CP) antenna is superior in terms of 
signal resilience to obstructions because of it utilizes all planes in transmitting signal. 
As a result, signal is not prone to losses due absorption, reflection, refraction and 
orientation mismatch between transmitter and receiver. 
 
 
 In this thesis, two designs are presented which are Single Input Single Output 
(SISO) CP transparent antenna and Multiple Input Multiple Output (MIMO) 
transparent antenna design for 5.8 GHz applications. A detail description on the 
construction of these two designs are carried out and discussed in this thesis. 
 
 
 
 
1.2 Problem Statement and Motivations 
 
 
In an age where the world is moving towards modernization, most of buildings, 
automobiles, communication devices and gadgets are, in addition to the high end 
functions, relying on aesthetical value for marketing purposes. Figure 1.1, 1.2 and 1.3 
shows reflective surfaces and glass are being used in the design of hand phones, 
buildings and automobiles. The usage of glass and transparent polymer has been 
extensively incorporated in every design aspect of the aforementioned objects. Sleek 
and elegant design using glass is definitely a feast to the eyes of people who are looking 
for futuristic, sophisticated and cutting-edge design in their properties. Antennas, 
which is to be deployed on these properties for telecommunications purposes had to 
be visually appealing as well, by hindering it to be an obstruction to the view. This is 
where transparent antenna comes into the picture. By using glass as a substrate and 
Transparent Conductive Oxide (TCO) films named AgHT-4, the antenna has a see-
through features and could be installed anywhere without worries.  
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Figure 1.1: The reflective features of iPhone 6 [8]. 
 
 
 
Figure 1.2: Sime Darby Plantation Tower located at Ara Damansara, Malaysia [9]. 
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Figure 1.3: Automobiles glass windows [10]. 
 
 
 In these modern age as well, with the construction of many high rise buildings 
will definitely lead to a phenomenon of signal being reflected, refracted and scattered 
resulting in error and loss of data. Orientation mismatch between transmitter and 
receiver could also cause these problems of data defect. Nevertheless, a Single Input 
Single Output (SISO) Circularly Polarized (CP) transparent antenna and Multiple 
Input Multiple Output (MIMO) transparent antenna will be able to solve these 
problems. Compared to Linearly Polarized (LP) systems, CP systems are less likely to 
be influenced by antenna misalignment complications and propagation effects [11]. 
Apart from it being visually aesthetic, these antennas are also equipped with a CP 
qualities which can be achieved in CP transparent antenna design and improved 
capacity benefits by MIMO transparent antenna design that complies with IEEE 
802.11n standards [12]. 
 
 
Two techniques have been investigated on CP patch antennas; single [13, 14] 
and dual feed [15, 16]. Axial Ratio (AR) bandwidth is narrower on a single feed, 
despite the simplicity in the feeding design. Dual feed can produce a larger AR 
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bandwidth, but the structure is more complex [17]. Transparent CP antenna is scarce, 
not many research has been done further into this line of work in the past; hence 
becoming the novelty of this work. MIMO is developed considering that material with 
less conductivity can reduce coupling effects, even if both ports are placed literally 
next to each other. Circular polarization to the electric field of each element is also 
increases the isolation between the two adjacent ports. 
 
 
 
 
1.3 Thesis Objectives 
 
 
The prime objective of this research is to design SISO CP transparent antenna 
and MIMO transparent antenna that operable for 5.8 GHz applications. Some of the 
design requirement for this transparent antenna is suitable radiation pattern, stable gain 
and it must be circularly polarized. This project involves antenna design and 
construction, measurements and antenna testing in order to investigate the 
performance of transparent antenna. The objectives of this project can be summarized 
as follows: 
 
 
1. To design SISO CP transparent antenna and MIMO transparent antenna 
using AgHT-4. 
2. To investigate the scattering parameters, bandwidth, radiation pattern, gain, 
efficiency, Axial Ratio (AR), AR bandwidth, Envelope Correlation 
Coefficient (ECC), Mean Effective Gain (MEG) and Diversity Gain (DG) 
of SISO CP and MIMO transparent antenna. 
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1.4 Scope of Research 
 
 
Scopes describe the areas covered in a research. In this research, SISO CP 
transparent antenna and MIMO transparent antenna are designed using CST 
Microwave Studio 2014 (CST MWS 2014) software. Several techniques have been 
investigated to achieve CP and how to tackle the sensitive behavior of AgHT-4.  
 
 
A research on MIMO took place by combining two of the SISO transparent 
antenna with CP features. These two antennas are fabricated using the same method, 
as both of them are sharing the same source of material. Measurement is done to prove 
the legitimacy of the simulations and to validate that both of them can operate properly 
at 5.8 GHz. 
 
 
 
 
1.5 List of Contributions 
 
 
There are two main contributions that were highlighted in this thesis which are 
simplified as follows: 
 
 
 The successful incorporation of circular polarization technique into 
transparent antenna technology. 
 An improved MIMO transparent design performance by combining 
two CP antennas in order to achieve polarization diversity. 
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1.6 Layout of the Thesis 
 
 
There are a total of five chapters in this thesis. Chapter 2 is focusing on the 
overviews of transparent antenna and techniques that are required to improve the 
performance of transparent conductive material are discussed. Some papers on CP 
antennas was reviewed; focusing on the simplest way to achieve CP and how to 
incorporate them in transparent antenna design. Several MIMO antennas from 
different publications are discussed in order to clarify the gaps of this research. 
 
 
 Methods of antenna simulation, fabrication and measurement are described 
thoroughly in Chapter 3. Flowchart, design specifications, software, fabrication and 
measurement tools are stated in this chapter. Chapter 4 is discussing on various 
parametrical studies done in order to achieve optimum design for single element 
antenna. Comparison between simulations and measurement results are shown in 
graphs for the ease of analysis. CP is achieved with good AR purity (<3 dB).  
 
 
MIMO Transparent Antenna for 5.8 GHz Applications are also presented in 
Chapter 4. Investigations are done to make sure which configuration is producing 
better isolations and the minimum distance between the two elements without 
sacrificing its performance. Some of the presented results are S-parameters, gain, 
radiation pattern, Envelope Correlation Coefficient (ECC), Diversity Gain (DG), 
Mean Effective Gain (MEG) and total efficiency. Chapter 5 is a summarization of the 
whole work and conclusions along with future research recommendations. 
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